Iron overload and hemochromatosis are common, treatable conditions. HFE genotypes, levels of serum ferritin, transferrin saturation values, and self-reported medical history were studied in a multiethnic primary care population. methods Participants were recruited from primary care practices and blood-drawing laboratories. Blood samples were tested for transferrin saturation, serum ferritin, and C282Y and H63D mutations of the HFE gene. Before genetic screening, participants were asked whether they had a history of medical conditions related to iron overload.
results
Of the 99,711 participants, 299 were homozygous for the C282Y mutation. The estimated prevalence of C282Y homozygotes was higher in non-Hispanic whites (0.44 percent) than in Native Americans (0.11 percent), Hispanics (0.027 percent), blacks (0.014 percent), Pacific Islanders (0.012 percent), or Asians (0.000039 percent). Among participants who were homozygous for the C282Y mutation but in whom iron overload had not been diagnosed (227 participants), serum ferritin levels were greater than 300 µ g per liter in 78 of 89 men (88 percent) and greater than 200 µ g per liter in 79 of 138 women (57 percent). Pacific Islanders and Asians had the highest geometric mean levels of serum ferritin and mean transferrin saturation despite having the lowest prevalence of C282Y homozygotes. There were 364 participants in whom iron overload had not been diagnosed (29 C282Y homozygotes) who had a serum ferritin level greater than 1000 µ g per liter. Among men, C282Y homozygotes and compound heterozygotes were more likely to report a history of liver disease than were participants without HFE mutations.
ron overload can be associated with a wide range of genetic and environmental factors and can lead to parenchymal damage of organs. Homozygosity for the C282Y mutation of the HFE gene is associated with susceptibility to iron overload and is a common genetic mutation, occurring in 0.3 to 0.5 percent of white persons of northern European descent. 1, 2 Phlebotomy treatment can prevent some of the major complications of iron overload, and patients have normal life expectancy if they are treated before organ damage occurs. 3 Iron overload can occur in nonwhites and may be related to as-yet-undiscovered genetic mutations, environmental factors, or both. [4] [5] [6] [7] [8] [9] The Hemochromatosis and Iron Overload Screening (HEIRS) study was designed to evaluate the prevalence, genetic and environmental determinants, and potential clinical, personal, and societal effects of iron overload and hemochromatosis in a multicenter, multiethnic sample of 101,168 primary care adults 25 years of age or older. This article reports findings from the first, or screening, stage of the study.
study participants
A detailed description of the HEIRS study has previously been reported. 10 Participants were recruited over a two-year period at five field centers (Washington, D.C.; Birmingham, Alabama; Irvine, California; Portland, Oregon, and Honolulu; and London, Ontario, Canada). Our target population was primary care patients, identified through primary care clinics and medical blood-drawing laboratories. Both patients and other persons accompanying the patient were potential participants. We did no advertising to recruit participants. Eligibility criteria included an age of 25 years or older and an ability to understand the informed-consent document. Participants were asked how they heard about the study and whether they had previously been given a diagnosis of iron overload or hemochromatosis.
Measurements included spectrophotometric determination of serum iron and unsaturated ironbinding capacity, turbidimetric immunoassay of serum ferritin (Hitachi 911, Roche), and calculated transferrin saturation on nonfasting blood samples. HFE C282Y and H63D alleles were determined from spots of whole blood with the use of a modification of the Invader assay (Third Wave Technologies) that increases the allele-specific fluorescent signal by including 12 cycles of locus-specific polymerase chain reaction before the cleavase reaction. Absence of a detectable C282Y or H63D mutation was designated as wild type.
Race or ethnic group was determined by selfreported answers to two questions, one regarding Hispanic background and one offering a nonexclusive choice of five racial groups: white, black, Asian, Pacific Islander, and American Indian. Participants affirming Hispanic background were classified as Hispanic; otherwise, they were classified according to their response to the question about race. Before receiving the results of any genetic test, all participants were asked whether they had a history of liver disease, diabetes, arthritis, congestive heart failure, impotence, or infertility. Participants with elevations in transferrin saturation and ferritin i methods levels and all C282Y homozygotes were invited to a clinical examination at a later stage of the study. A total of 101,168 participants had complete data on serum ferritin levels, transferrin saturation, and HFE C282Y and H63D alleles, and 333 participants with complete data were homozygous for the C282Y mutation. After 1457 participants (including 34 C282Y homozygotes) who reported hearing about the study exclusively from a participating family member were excluded from all analyses, 99,711 participants remained. For the analyses involving serum ferritin levels and transferrin saturation, an additional 1182 participants who reported a previous diagnosis of hemochromatosis or iron overload were also excluded to remove possible effects of earlier phlebotomy therapy on iron tests and ascertainment bias, leaving 98,529 participants for these analyses. For the analyses presented, we assumed that all persons were unrelated.
statistical analysis
Deviations of observed frequencies of HFE genotypes from Hardy-Weinberg proportions were assessed by exact test 11 in the total sample and stratified according to race or ethnic group and field center. The frequencies of HFE genotypes were calculated separately in each stratum of race or ethnic group. To account for higher participation rates among C282Y homozygotes, maximum likelihood estimates of the frequencies of HFE genotypes were calculated under the assumption of Hardy-Weinberg proportions in the participants within each stratum of race or ethnic group who were not homozygous for the C282Y mutation, regardless of the number of observed C282Y homozygotes. Confidence intervals for frequencies of HFE genotypes were calculated on the basis of inverting the score test for a multinomial proportion. 12 Odds ratios for the effect of HFE genotype on self-reported medical history were estimated with the use of logistic regression. Estimates were adjusted for age, field center, and race or ethnic group. Age was modeled as a set of indicator variables for each year of age, except that all ages above 80 years were grouped. Comparisons of pairs of means among the 12 sex and genotype combinations were performed with the use of two-way analysis of variance with Scheffé's method for multiple comparisons. For serum ferritin levels, analysis was done after log transformation, and the geometric mean and antilog of the first and third quartiles are reported. For transferrin saturation, mean and standard deviation are reported. Participants with complete data on transferrin saturation, serum ferritin levels, and HFE genotype were included in this analysis. Serum ferritin levels below the detectable limit of 15 µ g per liter were imputed as 7.5 µ g per liter.
Transferrin saturation values reported as less than 3 percent were imputed as 1.5 percent.
* All participants with complete data on HFE C282Y and H63D mutations, transferrin saturation, and serum ferritin levels are included, with the exception of 1457 participants who reported hearing about the study exclusively from a participating family member. Rates of prevalence were derived with Hardy-Weinberg proportions in the five groups of participants not homozygous for the C282Y/C282Y mutation within each racial or ethnic group. CI denotes confidence interval. Race or ethnic group was self-reported. The participants included 62,749 women and 36,962 men. The predominance of female participants is representative of primary care populations. Women also have a higher participation rate than men in medical research studies. The median age was 50 years (range, 25 to 100). Among men, 23 percent were 25 to 39 years of age, 23 percent were 40 to 49, 23 percent were 50 to 59, 18 percent were 60 to 69, and 13 percent were older than 69. Among women, 27 percent were 25 to 39 years of age, 24 percent were 40 to 49, 24 percent were 50 to 59, 15 percent were 60 to 69, and 10 percent were older than 69. According to self-identified race or ethnic group, the sample included 44 percent white participants, 27 percent black, 13 percent Asian, 13 per-cent Hispanic, 0.7 percent Pacific Islander, 0.7 percent Native American, and 2 percent of mixed or unknown race.
genotypic variations
Of the 99,711 participants, 299 were homozygous for the C282Y mutation ( Table 1 ). The estimated prevalence of C282Y homozygotes was highest in whites (0.44 percent; 95 percent confidence interval, 0.42 to 0.47) and lowest in Asians (0.000039 percent; 95 percent confidence interval, 0.000015 to 0.00010), Pacific Islanders (0.012 percent; 95 percent confidence interval, 0.0043 to 0.032), and blacks (0.014 percent; 95 percent confidence interval, 0.012 to 0.017); among the latter three groups, the vast majority of participants (>88 percent) had the wild-type genotype. The H63D/+ genotype was common in whites (24 percent), Native Americans (20 percent), and Hispanics (18 percent). In whites, the C282Y/+ genotype was also quite common (10 percent). These estimates of genotype frequency assume Hardy-Weinberg proportions in the groups of participants who were not homozygous for the C282Y mutation. The estimation procedure accounts for higher participation rates in C282Y homozygotes, who were observed more frequently than expected (P<0.05 at four of five field centers among whites).
In the unrestricted sample of 101,168 participants (which included 1457 people who heard about the study only from a participating family member), 333 were C282Y homozygotes, which exceeds the expected number of 233. In the 364 participants without a diagnosis who had a serum ferritin level above 1000 µ g per liter, there were 29 C282Y homozygotes, 3 compound heterozygotes, 4 H63D homozygotes, 14 C282Y heterozygotes, 40 H63D heterozygotes, and 274 without HFE mutations.
phenotypic variations
Of 1182 participants who reported having previously been told by a doctor that they had increased iron in the blood, 72 were homozygous for the C282Y mutation. These participants in whom conditions related to iron overload had been previously diagnosed were excluded to assess the distributions of transferrin saturation and serum ferritin levels.
The relationships between transferrin saturation and serum ferritin levels among HFE genotypes are shown in Figures 1 and 2 . Both transferrin saturation and ferritin levels were higher in men than in women. In the initial screening stage of the study, An elevated transferrin saturation was defined as higher than 45 percent in women and higher than 50 percent in men. Data are presented as box plots. The box stretches from the 25th to the 75th percentile. The median is shown with a line across the box, and the mean with an asterisk. The whiskers indicate 1.5 times the interquartile range above the third and below the first quartiles, or the upper or lower extreme values, whichever is closer. Participants who joined the study only because they heard about it from a participating family member or who reported a previous diagnosis of hemochromatosis or iron overload were excluded. The New England Journal of Medicine we defined the following phenotypic characteristics as elevated: transferrin saturation higher than 50 percent for men and higher than 45 percent for women, and serum ferritin levels greater than 300 µ g per liter for men and greater than 200 µ g per liter for women. In C282Y homozygotes (89 men and 138 women), transferrin saturation was higher than 50 percent in 84 percent of men and higher than 45 percent in 73 percent of women. The mean (±SD) transferrin saturation in these previously unidentified C282Y homozygotes was 76±22 percent in men and 61±24 percent in women. The geometric mean level of serum ferritin was 698 µ g per liter (interquartile range, 511 to 1190) in men and 212 µ g per liter (interquartile range, 111 to 529) in women. A serum ferritin level greater than 300 µ g per liter was found in 88 percent of untreated male C282Y homozygotes, and a level greater than 200 µ g per liter was found in 57 percent of female untreated C282Y homozygotes. A serum ferritin level of more than 1000 µ g per liter, which has previously been reported to be associated with liver disease in C282Y homozygotes, 13, 14 was seen in 13 percent of C282Y homozygotes. Elevations in serum ferritin levels were common in all other genotypes. Among male participants, a ferritin level greater than 300 µ g per liter was observed in 37 percent of those with the C282Y/H63D genotype, 32 percent of those with the H63D/H63D genotype, 23 percent of those with the C282Y/+ genotype, 24 percent of those with the H63D/+ genotype, and 26 percent of those with the +/+ (wild-type) genotype. Among female participants, a serum ferritin level greater than 200 µ g per liter was found in 20 percent of those with the C282Y/H63D genotype, 15 percent of those with the H63D/H63D genotype, 10 percent of those with the C282Y/+ genotype, 11 percent of those with the H63D/+ genotype, and 13 percent of those with the +/+ (wild-type) HFE genotype.
Among male C282Y homozygotes, the geometric mean serum ferritin level (698 µ g per liter) was significantly higher than the mean serum ferritin levels among males with C282Y/H63D, H63D/ H63D, C282Y/+, H63D/+, and +/+ (wild-type) genotypes (range, 163 to 208 µ g per liter; P<0.001 for all comparisons with homozygotes). Thus, male C282Y homozygotes had geometric mean serum ferritin levels above 300 µ g per liter, whereas geometric means for all other genotype groups were below this value. Geometric mean serum ferritin levels among male participants with the C282Y/H63D, H63D/H63D, C282Y/+, and H63D/+ genotypes were not significantly different from the levels among male participants with the wild-type genotype (P> 0.12 for all).
Similarly, among female C282Y homozygotes, the geometric mean serum ferritin level (212 µ g per liter) was above the screening criteria of 200 µ g per liter and significantly greater than the levels among female participants in all other genotype groups (range, 64 to 85 µ g per liter; P<0.001 for all comparisons). Female participants with the C282Y/ H63D genotype had significantly greater geometric mean serum ferritin levels than did female participants with the wild-type genotype (P<0.001); however, their geometric mean was much closer to the geometric mean of the wild-type group than to the geometric mean of the C282Y homozygotes (Fig. 2) . Geometric mean levels among female participants with the H63D/H63D, C282Y/+, and H63D/+ genotypes were not significantly different from those An elevated serum ferritin level was defined as a level greater than 200 µ g per liter in women and greater than 300 µ g per liter in men. Data are presented as box plots. The box stretches from the 25th to 75th percentile. The median is shown with a line across the box, and the mean, which is a geometric mean, with an asterisk. The whiskers indicate 1.5 times the interquartile range above the third and below the first quartiles, or the upper or lower extreme values, whichever is closer. Participants who joined the study only because they heard about it from a participating family member or who reported a previous diagnosis of hemochromatosis or iron overload were excluded. among female participants with the wild-type genotype (P>0.80 for all).
C282Y homozygotes had markedly higher transferrin saturation and serum ferritin levels, as expected. The transferrin saturation values according to sex gradually increased, from HFE wild type, to H63D/+, to C282Y/+, to H63D homozygote, and to compound heterozygote. Pairwise comparisons of the genotype means according to sex (Fig. 1) all showed a significant difference (P<0.01).
Descriptive statistics of transferrin saturation and ferritin levels according to race or ethnic group and sex are shown in Table 2 . The threshold values used in this table correspond to those used by Ioannou et al. 15 (although we have added ferritin levels greater than 1000 µ g per liter) and those used in the HEIRS study to define elevated status.
Among men, a history of liver disease was reported more often in C282Y homozygotes (odds ratio, 3.3; 95 percent confidence interval, 1.5 to 7.2; P=0.003) and compound heterozygotes (odds ratio, 1.7; 95 percent confidence interval, 1.0 to 2.7; P=0.05) than in participants without HFE mutations ( Table 3 ). There were no significant differences in the incidence of self-reported diabetes between C282Y homozygotes and participants without HFE mutations. Among men, H63D homozygotes were more likely to report a history of arthritis (odds ratio, 1.3; 95 percent confidence interval, 1.0 to 1.6) than were participants without HFE mutations. Among women, H63D homozygotes were more likely to report a history of heart disease (odds ratio, 1.5; 95 percent confidence interval, 1.0 to 2.1) than were participants without HFE mutations.
The HEIRS study included a large group of ethnically and geographically diverse participants. Asberg et al. studied 65,238 Norwegians in a white population, 16 and Beutler et al. studied 41,038 participants from Kaiser San Diego, including 4 percent blacks, 4 percent Asians, and 10 percent Hispanics. 17 Steinberg et al. studied HFE mutations in 5171 anonymous samples from the National Health and Nutrition Examination Survey, but no iron tests were reported for correlations between genotype and phenotype. 18 HFE mutations are most common in white populations, a finding consistent with the theory that hemochromatosis originated in northern Europe. [18] [19] [20] The frequency of C282Y genotypes is much lower in nonwhite populations. Despite our efforts to minimize the influence of family members of homozygotes, it is possible that they are still overrepresented in our analysis. In the HEIRS study, the prevalence of C282Y genotypes among Hispanics was higher than among Asians or blacks but lower than among whites. Previous studies have suggested a higher prevalence of C282Y mutations in Hispanic populations than in nonwhite populations. 17 Although H63D genotypes are more common than C282Y genotypes in all ethnic or racial groups and H63D has been considered to be an older mutation that possibly originated in Asia, 21 H63D mutations in our study were less common among Asians than among most other racial or ethnic groups. The prevalence of H63D genotypes was highest among whites. The prevalence among Hispanics was lower than among whites but considerably higher than among blacks and Asians. Among Asians, the prevalence of H63D genotypes was higher than among blacks but the prevalence of C282Y genotypes was lower than among blacks.
Serum ferritin levels and transferrin saturation were significantly higher in C282Y homozygotes than in those with other genotypes. In participants who were homozygous for the C282Y mutation but in whom iron overload had not previously been diagnosed, an elevated ferritin level was found in 88 percent of men and 57 percent of women, suggesting that many adults who are homozygous for the C282Y mutation may have iron overload.
The prevalence of self-reported liver disease was significantly greater in male C282Y homozygotes and compound heterozygotes than in participants without HFE mutations. Liver disease is one of the most well-established of the complications of iron overload, and iron-depletion therapy by means of phlebotomy has been shown to stabilize liver disease and prevent the progression to cirrhosis, which adversely affects long-term survival. 3 The selfreported history of liver disease is nonspecific and could encompass a broad range of liver diseases, including alcoholic liver disease, chronic viral hepatitis, and fatty liver, but we do not believe that these would be overrepresented in the C282Y homozygotes. 22, 23 We believe that the increased self-reporting of liver disease in C282Y homozygotes points to a potential opportunity to treat and prevent the progression of liver disease.
Of 98,529 participants who had not previously been diagnosed with hemochromatosis or iron overload, 364 (0.4 percent) had a serum ferritin lev-discussion The New England Journal of Medicine el greater than 1000 µ g per liter, and previous studies of C282Y homozygotes have shown that the risk of cirrhosis increases as the ferritin level increases to above 1000 µ g per liter. 13, 14 However, this subgroup with a serum ferritin level greater than 1000 µ g per liter contained only 29 C282Y homozygotes. Our observation that Pacific Islanders are much more likely to have serum ferritin levels greater than 1000 µ g per liter than whites has not to our knowledge been previously reported ( Table 2) .
The increase in self-reported arthritis in male H63D homozygotes and heart disease in female H63D homozygotes (Table 3 ) cannot readily be explained by iron overload, since most participants * An elevated ferritin level was defined in this study as greater than 300 µg per liter in men and greater than 200 µg per liter in women. An elevated transferrin saturation was higher than 45 percent in women and higher than 50 percent in men. A serum ferritin level greater than 1000 µg per liter has previously been reported to be associated with liver disease in C282Y homozygotes. 13, 14 Participants who joined the study only because they heard about it from a participating family member, or who reported a previous diagnosis of hemochromatosis or iron overload, were excluded. The data are presented as prevalence estimates (percentages) with standard errors. Ferritin levels >300 µg/ liter (men) or >200 µg/liter (women), and transferrin saturation >50% (men) or >45% (women) * CI denotes confidence interval. P values for the genotype effect are from logistic-regression models and indicate the probability of observing these differences in prevalence if there is no effect of the C282Y or H63D allele. Odds ratios are adjusted for nonlinear age, field center, and race or ethnic group. Participants who joined the study only because they heard about it from a participating family member were excluded. † This odds ratio is significant at P<0.05. ‡ Liver disease may include all types of liver disease. The New England Journal of Medicine with this genotype had normal serum ferritin levels. Arthritis is the symptom in hemochromatosis that has not shown a relationship with body iron stores. 24 These observations may be related to linkage disequilibrium in the HLA complex. The observation that self-reported diabetes is not more common in C282Y homozygotes (Table 3) is surprising, since hemochromatosis was originally called bronze diabetes. However, the participants who were excluded from our study because their iron overload had previously been diagnosed may have had more advanced disease. Diabetes has also become more common in the general population with the high prevalence of obesity.
Our findings are similar to the findings of Beutler, who also found an increase in the prevalence of liver disease but no increase in diabetes, arthritis, or heart disease in C282Y homozygotes. 17 Our results also illustrate the nonspecific nature of many of the symptoms that have been attributed to hemochromatosis. In C282Y homozygotes with normal serum ferritin levels, iron accumulation may develop over time, but other studies have shown that a progressive rise in iron stores is not inevitable. [25] [26] [27] [28] Elevated iron levels were more common in participants with the C282Y/H63D and H63D/H63D genotypes than in participants without HFE mutations, although the mean transferrin saturation and ferritin levels were below the upper limit of the reference range for those with all genotypes except C282Y homozygotes.
Nongenetic factors also contribute to the differences between ethnic and racial groups. Elevations in ferritin levels are commonly seen in patients who have obesity-related steatohepatitis, 29 chronic alcohol consumption, or hepatitis B or C. [30] [31] [32] Therefore, the results of our screening should not be considered indicative of the prevalence of iron overload in this primary care population.
